This study was conducted to improve wheat production under vegetative (early season) drought stress. Hydroprimed and osmoprimed (with CaCl 2 ) seeds of wheat cultivars Lasani-2008 (LS-2008 and Triple Dwarf-1 (TD-1), were sown in 20 (narrow), 25 (medium), and 30 cm (wider) spaced rows. Crop was grown under well-watered conditions till physiological maturity or was subjected to drought stress (50% field capacity) during vegetative phase and then grown under well-watered conditions. Drought stress caused substantial reduction in grain and biological yields, related traits, harvest index (HI) and water use efficiency (WUE). Nonetheless, planting osmoprimed seeds in narrowly spaced rows significantly improved the grain yield, HI and WUE. However, wheat planted in wider rows had bold grains. Furthermore, wheat cultivar LS-2008 produced better yield, even under drought stress, than cultivar TD-1. Economic analysis indicated that planting osmoprimed seeds of wheat cultivar LS-2008 in narrowly spaced rows under early season drought yielded maximum economic benefits. In conclusion, planting osmoprimed seeds of cultivar LS-2008 in narrowly spaced rows is a good agronomic option to improve the wheat performance under early season drought stress.
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Drought stress is the most critical among abiotic stresses which are curtailing wheat productivity all around the world (Farooq et al., 2014) . Moreover, water scarcity will be among the worst problems in the coming decades due to climate change and increasing population pressure (Hendrix and Glaser, 2007; Lobell et al., 2008) . With declining rainfall, drought stress is projected to decrease per capita food production, thus becoming the principal determinant of global food security (Brown and Funk, 2008; Gleditsch et al., 2006) . Different metabolic events like nutrient uptake, carbonfixation, growth, development and final productivity of crops are affected under drought stress (Farooq et al., 2014) .
About 60% of world agricultural production is rainfed with frequent drought episodes. These drought episodes cause substantial yield losses particularly in cereals (SIWI, 2001) . During 2000, 70% of the total global area under wheat cultivation was rainfed (Portmann et al., 2010) , which faced periodic events of drought stress at different growth stages. Numerous studies have highlighted the severe effects of drought on wheat at vegetative and reproductive stage (Farooq et al., 2014; Milad et al., 2011; Rizza et al., 2004; Schneekloth et al., 2012; Sivamani et al., 2000; Tuberosa and Salvi, 2006) . Early season drought (vegetative drought) may cause 22-80% yield reductions in wheat. In Pakistan, wheat crop is irrigated through canal irrigation system and ground water using tubewells. However, the recent shortfall of energy in the country has caused severe drought periods in early stages of wheat crop. On the other hand, in canal irrigated areas, the cyclic canal closure results in insufficient supply of water, which leads to drought events in wheat crop (Sadaqat et al., 2003) . Both of these factors have been resulting in decreased crop yields due to the onset of early season drought stress in wheat crop.
Among several management practices, selection of drought tolerant wheat cultivars, seed priming and planting geometry have been found very effective in improving the wheat productivity under less than optimum conditions (Farooq, et al., 2015; Farooq et al., 2008; Jafar et al., 2012) . However, little work is reported regarding the management strategies for improving the wheat performance under vegetative drought stress.
Plant drought tolerance starts from early seedling vigour, and seed priming is an excellent technique being used to improve seedling vigour and yield improvement of wheat under drought stress (Farooq et al., 2015; Ludwig and Asseng, 2010) . Seed priming also helps in earlier completion of growth phases, improvements in crop allometry, grain output and HI in wheat (Farooq et al., 2008; Farooq et al., 2015; Khan et al., 2011) .
Row spacing is another important agronomic practice, which can be used to improve drought tolerance of wheat. As evaporation form the soil depends upon the cover of bare soil exposed to sun, so narrow row spacing improves drought tolerance by minimizing evaporation losses (Farooq et al., 2015) . However, wheat cultivars should be planted considering the plant stature and tillering capacity. For example, dwarf cultivars with low tillering capacity sown in narrowly spaced rows, and cultivars exhibiting lower tillering potential with medium row spacing produced better yield (Chen and Neill, 2006; Hussain et al., 2012 Hussain et al., , 2013 .
Although, a recent study reported that combination of good agronomic practices may help improve wheat performance under terminal drought (Farooq et al., 2015) .
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However, to the best of our knowledge, no study has been conducted to evaluate the potential of seed priming, divergent row spacing for yield improvement of diverse wheat genotypes under vegetative drought stress. Therefore, this two-year field trial was conducted to study the potential role of seed priming for improved performance of different wheat cultivars of diverse morphology, sown under different row spacings under vegetative drought stress.
Experimental site description
This two-year field experiment was conducted at Experimental Farm, Department of Agronomy, Bahauddin Zakariya University, Multan, Pakistan (71.43°E, 30.20°N and 122 m asl) during winter seasons of 2010-11 and 2011-12 . The experimental site lies in semi-arid, sub-tropical region. Weather data of both growing seasons is given in Table S1 (supplementary material available online at: http://dx.doi.org/10.1017/S0014479716000053). The experimental soil was uniform (ECe 2.56 dS m −1 and pH 8.9), and belonged to Sindhlianwali soil series (USDA classification).
Experimental details
Seeds of wheat cultivars LS-2008 (medium to tall statured and late maturing) and TD-1 (dwarf and early maturing suitable for semi-arid areas) were obtained from Wheat Research Institute, Faisalabad, Pakistan and Ali Tareen Farm, Lodhran, Pakistan, respectively. Seed of both cultivars was soaked in aerated water (hydropriming) or solution of CaCl 2 (ψs -1.25 MPa; osmopriming) for 18 h following Farooq et al. (2008) . Seeds were removed from the respective solution, rinsed thoroughly with distilled water and were re-dried under shade with forced air near to their original weight. Seeds were then sealed in plastic bags and stored at 5 ºC until sowing.
Primed seeds of both cultivars were sown in 20 (narrow), 25 (medium) and 30 cm (wider) spaced rows. Crop was grown under well-watered conditions (100% field capacity) through the entire growth period or under vegetative drought stress (50% field capacity) up to stages 2-10.1 and then grown under drought free conditions (100% field capacity) from stages 10.1-14 according to Feekes scale (Large, 1954) . For maintaining the required field capacity, soil samples were taken at one week interval from 15 and 30 cm soil depth and treatments were watered with measured amount of water using a cut-throat flume.
Experiment layout
The experiment was laid out according to randomized complete block design (RCBD) using factorial arrangements having net plot size of 3 × 4 m. Drought stress treatments, wheat cultivars, seed priming and row spacing were arranged in main, sub, sub-sub and sub-sub-sub plots, respectively. Each treatment had three replications while replication over time was done by repeating the experiment in two consecutive years.
Crop husbandry
Pre-soaking irrigation (10 cm) was applied to bring soil under workable conditions. After soil reached at feasible moisture contents (optimum for seedbed preparation), fine seedbed was prepared by ploughing the soil followed by planking with tractordriven implements. Wheat seeds were drilled using a seed rate of 125 kg ha −1 on November 10, 2010 and December 01, 2011 during 1st and 2nd year of experiment. Crop was fertilized with 120 kg nitrogen (N) and 95 kg phosphorus (P) using urea and di-ammonium phosphate as source during both years. Total P and half of N were applied as basal dose; while remaining half N was applied 30 days after crop sowing. Stale seedbed practice was performed each year before experiment for controlling weeds in the experimental area. Mature crop was harvested manually on April 13 and 26 during 2011 and 2012, respectively.
Yield and related traits
Total number of productive (spike bearing) tillers from randomly selected area (1 m 2 ) from three locations in each plot were counted and then averaged. Likewise, twenty randomly selected spikes from each treatment unit were used to record grains per spike. For recording 1000-grain weight, 3 random 1000-grain samples from each treatment unit were weighed to record 1000-grain weight. Whole plots were manually harvested, dried under sun for one week, after that bundles were made and weighed for recording biological yield. Manual threshing was done to separate the grains; grain yield was computed by weighing separated grains. Straw yield was computed by weighing the straw left after separation of grains. HI was taken as ratio of grain yield to biological yield and expressed in percentage.
Water use efficiency (g m
−2 ) WUE was recorded as ratio of grain yield to water supplied (Viets, 1962) .
Economic analysis
For assessing economic feasibility of different agronomic practices, economic analysis of the experiment was performed. The details of fixed and variable cost are represented in Table S5 (Supplementary material). Due to the small size of plots, the grain yield was reduced to 10% to make the results comparable at farmer level as suggested by Byerlee (1988) . Total gross income was computed keeping in view the existing market prices of wheat grains and straw in local market. Total net field benefits were calculated as the difference between gross income and variable cost while the net income was calculated as difference between the gross income and total cost (including both fix and variable costs) (Byerlee, 1988) . 
Statistical analysis
The collected data were statistically analysed with MSTATC computer program using Fischer's analysis of variance technique (ANOVA). The ANOVA results indicated significant difference among the years data (see Table S2 Supplementary material), therefore the data from both years was analysed and represented separately (see ANOVA Table S3 and S4; Supplementary material). For comparing significance among treatment means, least significant difference test was used at 5% probability (Steel et al., 1997) . Significance among treatment means, and among their all possible interactions was tested. Treatments and interactions among them were found to be significant due to which the four way interactions (drought stress×cultivars×seed priming×row spacing) were represented in graphical form. Variability among the represented data was also tested and is represented in terms of standard errors. Computer program Microsoft Excel 2010 along was used for graphical presentation of data and computing standard errors. 
R E S U LT S
Yield and related traits Wheat cultivars, seed priming, row spacing and early season DS had significant effect on yield and related traits of wheat during both years (Figures 1-5) . Population of productive tillers of both cultivars was decreased under DS; nevertheless osmopriming in narrowly spaced rows tended to modify the drought induced decrease in productive tillers to some extent during both years (Figure 1 ). Osmoprimed LS-2008 during 1st year, and both cultivars during 2nd year with narrow spacing had higher productive tillers; while hydroprimed TD-1 under wider row spacing had lower number of productive tillers under DS at vegetative stage during both years (Figure 1) . DS significantly decreased the number of grains per spike of both cultivars during both years of trial; however, osmopriming in wider rows improved the number of grains per spike of both cultivars under WW and DS conditions (Figure 2 ). Osmoprimed LS-2008 sown under wider spacing had more number of grains per spike under WW conditions during both years. Osmopriming also improved number of grains under DS in both cultivars under narrow and wider row spacings (Figure 2 ). Both cultivars had substantial cut in grain weight under DS at vegetative stage; while osmopriming improved the grain weight of both cultivars under WW and DS during both years of experimentation ( Figure 3 ). Osmoprimed LS-2008 wheat seeds sown in narrow and wider row spacing during 1st year and in wider row spacing during 2nd year under WW conditions had maximum grain weight; whereas hydroprimed seeds of cultivar TD-1 sown under medium row spacing had minimum grain weight in both years ( Figure 3 ). Grain yield of both cultivars was largely decreased under DS at vegetative stage during both years; nonetheless, osmopriming and narrow row spacing significantly improved the grain yield of both cultivars LS-2008 and TD-1, regardless of year and water conditions (Figure 4) . Moreover, osmoprimed seeds of cultivar LS-2008 planted in narrowly spaced rows produced more yield under WW conditions in both years ( Figure 4) . Similarly, biological yield of both cultivars was substantially decreased under DS in both years; however, osmopriming and narrow row spacing significantly improved the biological yield of both cultivars under WW and DS ( Figure 5 ). HI was also decreased under DS; however, wheat performed better in the case of osmoprimed seeds in narrowly spaced rows, regardless of year ( Figure 6 ). Osmoprimed seeds of cultivar TD-1 during 1st year and cultivar LS-2008 during 2nd year sown in narrowly spaced rows had higher HI; nonetheless there was no difference in HI from cultivars LS-2008 and TD-1 under same conditions during 1st year ( Figure 6 ). With respect to genotype, the higher yields and yield components values were recorded for LS-2008 than TD-1, in both experimental years (Figures 2-7) .
Water use efficiency (WUE)
All the investigated factors significantly affected WUE, both in 2010/11 and 2011/12 growing seasons (Figure 7) . WUE of both cultivars was hampered under DS in both years; however, planting osmoprimed seeds in narrow rows improved the WUE of both tested cultivars under drought during both years ( Figure 7 ). Osmoprimed seeds of cultivar LS-2008 sown in narrow rows had higher WUE under WW and DS during 1st year and under WW environs during 2nd year (Figure 7 ). The means sharing same letter do not differ significantly at p = 0.05 (n = 3).
Economic analysis
Economics of this study indicated higher gross income, net field benefits and net economic returns under WW conditions than DS conditions during both years of experiment (Table 1) . Sowing osmoprimed seeds of cultivar LS-2008 in narrow rows under WW conditions had highest net income during both years. Likewise, osmopriming of LS-2008 seeds and planting under narrow spacings also had higher net income under vegetative drought than other treatment set under drought during both years of trial (Table 1) .
D I S C U S S I O N
Water deficit, even during vegetative growth phase, substantially influenced the growth and yield of wheat cultivars. Although, wheat is more sensitive to terminal drought (Farooq et al., 2014; Milad et al., 2011; Sivamani et al., 2000) ; early season (vegetative stage) drought may also cause up to 80% reduction in grain yield (Sivamani et al., 2000; Tuberosa and Salvi, 2006) . This yield reduction is caused by drought-induced decrease in yield components as has been observed in this study. For instance, early The means sharing same letter do not differ significantly at p = 0.05 (n = 3).
season drought caused decrease in number of spikelets (data not given), grains per spike, and grain yield by 27, 73 and 62% (Rizza et al., 2004) . In this study, droughtinduced decrease in number of grains per spike was principally due to decrease in number of spikelets per spike. Both cultivars behaved differently under WW and DS conditions. LS-2008 performed better than TD-1 in terms of grain yield. Higher output of LS-2008 was credited to its innate genetic makeup which enabled it to use the available resources (water and nutrients) more efficiently. Nonetheless, due to its medium height, LS-2008 might cover the soil surface more than TD-1 which reduced the evaporation losses under DS and ultimately performed better than TD-1. The genetic variations of wheat for acquiring different resources under same environments is well reported (Alignan et al., 2009; Hussain et al., 2012 Hussain et al., , 2013 .
According to our findings, narrow row spacing improved the productivity of each tested cultivar due to considerable increase in productive tillers under well-watered and vegetative drought during both years. This is probably due to the scarce competition of wheat plants for soil moisture and solar radiation. Narrow row spacing decreased the evaporation losses due to higher canopy shading (i.e. higher LAI, data not given) on soil (Chen and Neill, 2006) , specifically under drought (Farooq et al., 2015) . Moreover, improved grain outputs of wheat by narrow row spacing have been observed under less than optimum conditions owing to avoidance mechanism. However, grain count and size was better under wider row spacing. More competition in too close rows and more plants per unit area seem the reasons of lower grain count and size under closely spaced rows compared with wider row spacing. Interestingly, higher grain count and size could not counteract the yield loss induced by low number of productive tillers in wider row spacing in both tested cultivars during both years. Improved grain yield under narrow row spacing was probably the effect of lower evaporation caused by high number of tillers and canopy cover. A small soil surface is exposed to sun in this situation in contrast to wider row spacing. Some recent studies have reported higher yield of low tillering dwarf and medium statured wheat cultivars planted under narrow row spacing under optimal and sub-optimal water supply (Farooq et al., 2015; Hussain et al., 2012 Hussain et al., , 2013 . Seed priming is pre-germination treatment, which results in synchronous, uniform and quick emergence and makes the emerging seedling more vigourous. Osmopriming significantly improved the grain yield of both tested cultivars owing to substantial increase in productive tillers, number of grains and size during both years. Similarly, osmopriming was better than hydropriming under well-watered conditions. As a result of early and highly uniform emergence, the seedlings produced by osmoprimed seeds used the available resources more efficiently. Thus, these seedlings performed well through the entire growing period under both well-watered and drought stress. Drought stress at vegetative stage had no influence on WUE during 1st year and it had slightly decreased the WUE during 2nd year of experiment; as yield decline under drought stress was recompensed by low moisture supply in drought stressed plots. The tested treatment individually are classified in terms of their importance for improving grain yield and WUE under DS as narrow row spacing > medium and wider row spacing and osmopriming with CaCl 2 > hydropriming as all treatments received equal water supply. Commercial adoption or success of any new technology or technique among farming community is linked with its economic feasibility (Hussain et al., 2012; Meinke et al., 2001) . Economic analysis of this study indicated the dominance of well-watered conditions over vegetative drought, medium statured cultivar LS-2008 over dwarf Early season drought in wheat 489 cultivar TD-1, narrow row spacing (20 cm) over medium and wider (25 and 30 cm) row spacing and osmopriming over hydropriming to realize higher net income due to substantial increase in grain yield.
C O N C LU S I O N
In conclusion, drought stress at vegetative stage substantially decreased grain yield of both tested wheat cultivars; however, planted osmoprimed seeds in narrowly spaced rows helped in minimizing the drought induced yield losses of both tested cultivars. Osmoprimed seeds of medium statured cultivar LS-2008 planted under 20 cm spaced rows were better able to produce higher grain yield under vegetative drought and well-watered environments. 
